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 1. EXECUTIVE SU MMARY 
Satellite developers always want more bandwidth. However, CubeSat class satellite is 
extremely limited in power, volume and weight, which makes increasing the gain more and more 
difficult. One of very few solutions is using high gain antenna on a CubeSat. Not only for 
bandwidth, high gain antenna is required in order to close the communication link if the CubeSat 
is on a mission further away, such as to the Moon or to Mars.  
However, antennas on CubeSat are almost always fixed (non-articulated) due to the satellite 
constrains for an articulator to be added. In order to use high gain antennas, a CubeSat must move 
to point precisely to the ground station(s) to make communication connection, thus possibly 
interrupt the payload operation and also put more constrains on the Altitude Determination and 
Control System (ADCS). 
To solve these issues, we propose a phased array system made specifically for CubeSat. Phased 
array has been used since the beginning of 19th century for different types of military and 
commercial applications but never made it to CubeSat.  
Operating at 2.45GHz, the proposed antenna has a gain of 17.72dBi at broadside and 13.79dBi 
at 43.72 degree steering. The RF beam steering can be controlled electronically. Four of this phased 
array can assure communication over 360 degrees around an axis of a satellite.  
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2. INTRODUCTION 
2.1. Motivation 
As a master student in Space Systems Engineering, I learnt about CubeSat from many 
engineering perspectives: electrical engineering, RF/Microwave engineering, mechanical 
engineering, and computer science. I’ve worked on many projects, including satellite components, 
RF testing instruments, and other personal projects of mine. Knowing my own personality and 
interests, I’ve decided to go with something fun, cool and practical at the same time.  
2.2. Phased Array Antenna 
Phased array antenna was discovered as early as 1905 by Nobel Prize laureate Ferdinand Braun 
who demonstrated enhanced radio transmission in one direction [3]. Since then, phased array has 
been developed and used by many organizations, mainly for military (USA Department of 
Defense), telecommunication, health care, and universities. 
Phased array antennas are usually very costly because of the required number of elements in 
one array, with electronics to control each and every element. However, in the recent years, phased 
array has become a very popular topic thanks to the reduced costs in solid state components and 
antenna elements. 
2.3. CubeSat 
CubeSat history started in 1999 by Bob Twiggs (Stanford University) and Jordi Puig-Suari 
(California Polytechnic State University). It was originally developed to help students 
understanding the concept and development of satellite. With a distinctive lower cost to build, test 
and launch, over time, it has been widely popular with the growth of almost 300% in the recent 
years. Currently, CubeSat is the standard for microsatellite. 
  P a g e  | 3 
 
Similar to other satellites, users always requires more out of the CubeSat. What satellite 
designers wants the most is bandwidth, in other words, to be able to send/receive more data to/from 
the satellite.  
There are several ways to increase bandwidth according to the Friis equation: 
𝑃𝑟 = 𝑃𝑡 + 𝐺𝑡 + 𝐺𝑟 + 20 log10(
𝜆
4𝜋𝑅
) 
  𝑃𝑟: Receive power in dB 
  𝑃𝑡: Transmit power in dB 
  𝐺𝑡: Transmit antenna gain in dB 
  𝐺𝑟: Receive antenna gain in dB 
  𝜆: Wavelength in m 
  𝑅: Distance between transmitter and receiver in m 
In our case, transmitter is the CubeSat, and receiver is a ground station. In order to increase 
bandwidth, receive power 𝑃𝑟 at ground station needs to be increased. Out of four elements on the 
right side of the equation, practically, only receive gain 𝐺𝑟 and transmit gain 𝐺𝑡 can be increased. 
This is because wavelength 𝜆 and distance R are usually fixed, and transmit power 𝑃𝑡 on a CubeSat 
is extremely limited. 
Currently, most of CubeSats uses dipole antenna with a gain of about 2.15 dBi, which is very 
low gain. The higher gain and higher frequency, the more bandwidth can potentially be used. Not 
only for bandwidth, high gain antenna is required to close the communication link if the CubeSat 
is on a mission further away, such as to the Moon or to Mars. Because antennas on CubeSat are 
almost always fixed (non-articulated) due to the satellite power/volume/weight constrains for the 
articulator to be added. In order to use high gain antennas, the satellite must move to point 
precisely to the ground station(s) to make communication connection, thus possibly interrupt the 
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payload operation and also put more constrains on the Attitude Determination and Control 
System (ADCS). 
 
2.4. Proposal 
In this thesis, a phased array antenna designed specifically for CubeSat is proposed. By using 
this type of antenna, within reasons, the satellite do not have to move much to make connection 
with the ground station(s) and can switch between stations in matter of microseconds. The phased 
array also has a high gain, which can solve bandwidth and communication link problem.  
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3. CUBESAT PHASED ARRAY ANTENNA DESIGN AND FABRICATION 
3.1. Concept of Operation 
 
Figure 3.1: Concept of phased array operation 
Phased array antennas are used mainly to steer the main beam (main lobe, broadside) of 
the antenna electronically. It operates by delaying signals coming out of antenna elements by using 
phase shifter on each antenna element. This provides constructive and destructive interference, 
thus giving the result that the beam is steered away from the nominal (main) direction of an 
individual antenna element. The interference of the output wave has the same concept with the 
double slit experiment for visible light.  
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There are two major types of phased array antenna, namely passive and active. The main 
difference between them is that transmit power of an active phased array antenna is produced by 
a distributed module system, with transmit and receive active modules at each of the element. In 
other words, there is a small set of power amplifiers at each of the antenna element, usually power 
amplifier for transmitting (several watts or tens of watts) and low noise amplifier for receiving. 
The summation of all those elements will determine the performance of the system. This is in 
contrary to a single high power amplifier (can be hundreds to thousands of watts) of central power 
scheme for a passive phased array system. The distributed scheme of an active phased array put 
less stress on the power requirement of each component in the system, potentially improve the 
total output power, noise performance, allowing digital beamforming of the phased array, among 
many other advantages. Dr. Yasser from Lockheed Martin has made a comparison between two 
phased array radar systems with comparable sensitivity performance on table 3.1 [17]: 
 Passive Active 
Tx/Rx Module Power - Watts  5 
Number of Elements 1000 1000 
Gain of Element – dB 3.00 3.00 
Transmit Power – Watts  1000000 5000 
Transmit loss (Lt) – dB  3 1.5 
Receive Gain (Gr) – dB  30 30 
Receive loss (Lr) – dB  3 1.5 
System Noise temperature 
(Tsys) 
1000 1000 
Transmit Duty (Du) 1% 10% 
Round-trip Sensitivity Factor  24.0 24.0 
 
Table 3.1: Comparison between Passive and Active Phased Array 
The similar round-trip sensitivity of this specific radar system proves the effectiveness of 
an active phased array antenna system.  
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Active phased array antenna system is the ultimate goal of this project. With limited time 
and resources, however, as you will learn in the next sections of this thesis, the system that was 
tested so far works more like a passive system. 
 
3.2. Goals 
The ultimate goal of this project is to design an active phased array antenna for CubeSat 
class satellite. It’s divided into goals as followed, in the decreasing order of priority: 
- The phased array must have gain larger than 10 dBi. 
- The phased array must have beam steering capability. 
- The phased array must satisfy all requirements of a CubeSat. 
o Low volume 
o Ultra-low power consumption 
o Low weight 
o Space-ready system design 
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3.3. System Design 
 
Figure 3.2: System design of Phased array antenna  
3.3.1. Design parameters 
The basic parameters of a phased array antenna include: beam width and gain, side lobes, 
grating lobes, quantization lobes and directivity. This system is designed to be used on CubeSat 
uniformly spaced at 𝑑/ 𝜆 = 0.5 and number of elements N = 5. 
 [6] Beam width of a uniformly excited linear phased array is given by 
𝜃3𝑑𝐵 = arcsin (sin 𝜃0 + 0.4429
𝜆
𝑁𝑑
) − arcsin(sin 𝜃0 + 0.4429
𝜆
𝑁𝑑
) 
𝜃3𝑑𝐵: 3dB beam width at steering angle θ 
𝜃0: Steering angle 
λ: Wavelength 
N: Number of elements 
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d: elements spacing 
 
[12] Gain of the phased array is determined by: 
𝐺(𝜃) = 𝐺element(𝜃0) × 𝐺aperture(𝜃0) × cos 𝜃 
 𝜃: Angle of gain measurement 
 𝜃0: Steering angle 
 𝐺(𝜃): Gain of array at a certain angle 𝜃 
𝐺element(𝜃0): Gain of single antenna element 
𝐺aperture(𝜃0): Gain of array aperture 
This equation shows the gain of the phased array as a function of angle at a certain steering 
angle. An example of this is shown below [12]: 
 
Figure 3.3: Gain of phased array as a function of angle at a certain steering angle 
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 According to the equation, the 3dB beam width of the whole array is expected to be at ±60 
degrees (cos 60o = 0.5 = -3dB). This works well for the requirement of ±45 degrees beam width, 
equivalent to ±45 degrees. 
 
 [11] Gain of array aperture: 
𝐺aperture,𝑑𝐵 = 10 log(4𝜋
𝐴𝜂aperture
𝜆2
 ) 
  A: Area of aperture 
  𝜂aperture: Efficiency of aperture  
  𝜆: Wavelength 
 
[6] Nulls in the pattern are expected at: 
u = n/N, with n = 1 to N-1 
u = sin 𝜃 − sin 𝜃0 [Hansen]. 
𝜃: Angle of interest 
  𝜃0: Steering angle 
 u: Angle variable 
From this equation, side lobes can be calculated as the center of the nulls. With N = 5, the 
first side lobe is expected to be 12.1 dB below main lobe. 
 
Grating lobes are secondary main lobes produced by interference of electromagnetic 
wave. It’s an undesirable parameter. In order to prevent the grating lobes, the spacing needs to 
satisfy [12]: 
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𝑑
𝜆
≤
1
1 + 𝑠𝑖𝑛 𝜃𝑚𝑎𝑥
 
d: Distance between antenna elements 
  𝜆: Wavelength 
  𝜃𝑚𝑎𝑥: Maximum beam steering angle 
For this phased array, the max steering angle needs to be 90 degrees or higher in order to 
cover 360 degrees circle with four arrays. With 𝑑 = 0.5𝜆 as in the design of the phased array in 
this project, this equation is always satisfied, and there is no real grating lobe in the pattern. 
 
[17] The relation between elements phase shifting and steering angle is given:  
Δ𝜙 =
360𝑜 × 𝑑 × sin 𝜃𝑠
𝜆
 
  Δ𝜙: phase difference between adjacent elements 
  d: element spacing 
  𝜃𝑠: phase steering angle 
 
3.3.2. Components of design  
The experimental design takes into account the requirements of the CubeSat platform, 
specifically 2U to 3U CubeSat. Five antenna elements is implemented for a sound phased array 
proof of concept experiment. After the experiment, the number of elements from there is 
extendable, going higher or lower accordingly to the requirements of a specific mission, either 
CubeSat or other projects that require a phased array antenna.  
 
The system includes 
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- Antenna elements: Radiating elements that convert electrical signal into radiated 
electromagnetic waves. 
- Antenna panel: Mechanical mounting mechanism for antenna elements. It also determine 
the radiation pattern of the array by setting the elements spacing. 
- Phase shifter: The phase shifting element that make the beam steering effect of the phased 
array. 
- Adjustable Attenuator: Element to reduce side lobes on the array. 
- Amplifier: Active element at the antenna to produce transmit power. 
- RF Power Divider: Element to divide input power equally to all elements 
- RF source: Generate RF power to transmit or receive. This is provided by either the Vector 
Network Analyzer (VNA) or the test setup in the anechoic chamber, and would not need 
to be designed. 
3.4. Printed Circuit Board (PCB) Design Techniques 
3.4.1. Lumped element versus Distributed element 
Components, such as resistor, capacitor and inductor, are considered lumped elements if 
they obey simple linear equations (such as Ohm’s law) at the operation frequencies. A good rule 
of thumb is that the component should be at least 1/10th of a wavelength at the maximum operating 
frequency [9]. If the component is larger, it will behave as a distributed element. For example, at 
higher frequencies, a physical resistor may not obey Ohm’s law and behave like a network (circuit) 
of different components (resistors, inductors and capacitors). There are different distributed 
models for each type of component. 
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3.4.2. Via hole 
Via is usually used to electrically connect different layers of PCB. In comparison with other 
methods including wire bond, ribbon bond and wrap-around, via hole proves to have better balance 
between inductance, flexibility, performance and ease of fabrication [2].  
In RF and microwave circuits, via placement becomes more important because of the 
difficulty in getting good and continuous “ground” at higher frequencies. The method of using vias 
relates directly to the impedance of transmission line and the high frequency response of discrete 
components. Because via represents an inductor in RF/microwave, there are countermeasures to 
reduce its effects on the transmission line:  
- Two or more vias (instead of one) need to be placed near/on the footprint of a component 
to reduce inductance/resistance.  
- The smallest via size should be used to reduce inductance. 
- Small capacitor can be placed at the via to compensate for the via’s inductance. 
3.4.3. Transmission line impedance 
Co-Planar Waveguide (CPW) was chosen to be used for transmission line on two layers 
PCB. In comparison with microstrip: 
-  CPW introduces much less ElectroMagnetic Interference (EMI) and helps increasing 
circuit isolation. This flexibility means CPW is less affected by nearby mechanical 
structures, particularly when it’s used in a very limited space applications such as CubeSat. 
- CPW is much more flexible in terms of trace width and gap between the trace and the 
ground plane. This proves to be very useful when changing between different components 
sizes (0805, 0603, 0402, etc.), different substrate materials (FR4, Duroid, etc.) or different 
PCB heights (20 mils, 30 mils, 62 mils) are used.  
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- CPW uses much less space in comparison to microstrip thanks to smaller trace width. 
Particularly when other components need to be distanced by the minimum of three trace 
width to not interfere with the transmission line, the board space required for the 
transmission line is greatly reduced. 
- Microstrip has lower loss at frequencies lower than 27 GHz but higher loss above 27 GHz 
[15].  
 
Dimensions of Conductor Backed Co-Planar Waveguide (CBCPW) are calculated [16]:  
𝑍0 =
60π
√ϵeff
1
𝐾(𝑘)
𝐾(𝑘′)
+
𝐾(𝑘𝑙)
𝐾(𝑘𝑙′)
   
𝑘 =
𝑎
𝑏
 
𝑏 = 𝑎 + 2𝑔 
𝑘′ = √1 − 𝑘2 
𝑘𝑙 =
tanh (
𝜋𝑎
4ℎ)
tanh (
𝜋𝑏
4ℎ)
 
𝑘𝑙′ = √1 − 𝑘𝑙2 
𝜖𝑒𝑓𝑓 =
1 + 𝜖𝑟
𝐾(𝑘′)
𝐾(𝑘)
𝐾(𝑘𝑙)
𝐾(𝑘𝑙′)
1 +
𝐾(𝑘′)
𝐾(𝑘)
𝐾(𝑘𝑙)
𝐾(𝑘𝑙′)
 
𝑍0: Impedance of transmission line, 50 ohm in this case 
𝑎: Width of the trace 
𝑔: Gap between the trace and top ground plane 
ℎ: Height of the substrate 
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𝜖𝑟: Dielectric constant of the substrate 
𝐾(𝑘): Elliptical integrals of the first kind 
 
Following are guidelines to use CBCPW in a PCB design: 
- Distance between adjacent vias for via stitching needs to be no higher than 1/8th of a 
wavelength, preferably 1/12th. 
- Vias stitching need to be placed on the ground plane as close as possible to the transmission 
line, to the minimum limit by PCB manufacturer [15]. 
- Other components are distanced at least three trace widths away from the transmission line.  
 
3.4.4. Bends 
Bends are usually used to change the direction of the transmission line. There are different 
types of 90 degrees bends [10]: 
- Square corner bend simply changes the direction 90o without any additional measure. This 
works fine if the wavelength is sufficiently large. However, the performance of a square 
corner bend is low, and it should not be used if loss is a critical parameter in the design.  
- Curved bend is the most obvious solution. It gives a gradual change in impedance when 
changing the transmission line direction. As long as the bend radius is higher than three 
trace width, the effect of the bend is usually negligible. 
- Mitered bend is a modified square corner bend. Different sources have different claims 
about performance comparison between mitered bend and curved bend. According to 
Douville and James [14]: 
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Figure 3.4: Dimensions in a mitered bend 
𝐷 = 𝑊 × √2 
𝑋 = 𝐷 × (0.52 + 0.65𝑒−1.35×
𝑊
ℎ ) 
𝐴 = (𝑋 −
𝐷
2
) × √2 
  W: width of the trace 
  h: height of the substrate 
  
3.5. Antenna Element 
3.5.1. Type of antenna element selection 
Below are the requirements of antenna elements, in the order of decreasing priority. 
- Frequency: The phased array needs to operate at a popular frequency to increase readiness 
for possible applications in the future. The frequency chosen is 2.45 GHz, a popular 
Industrial, Scientific and Medical (ISM) band for a variety of applications. At this 
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frequency, there are many parts available and also documents for researching purpose. This 
requirement drives many other requirements. 
- Beam width larger than 90 degrees: Generally, phased array antenna system can only steer 
its beam within the main lobe limits of an individual antenna element. This becomes one 
of the requirement: antenna element of a phased array needs to be a type that has wide 
beam in order to achieve a wide range of beam steering. 
- Low mass and small size: The phased array is to be used in a CubeSat, where mass and 
size are highly constrained for any application.  
- Flexibility of design: In prototyping process, the design always varies. The antenna type 
needs to be able to cope with the design process. 
- Low cost: Resource for this project is very limited, thus the cost to produce the elements 
must be low enough. 
- Acceptable bandwidth: Users always want more bandwidth. The phased array needs to 
have acceptable bandwidth for possible applications in the future.  
Table 3.2 below shows the types of antenna in the selection process from subjective point of 
view. 
Type Beam Width Mass & Size Flexibility Cost Bandwidth 
Dipole Very wide High Very high Very low Adequate 
Horn Narrow Very high Very low Very high Very wide 
Helical Average High High High Very wide 
Patch Wide Very low High Low Narrow 
Waveguide slot Very wide High High High Wide 
Parabolic 
reflector 
Very narrow High Varies Very high Varies 
Vivaldi Wide Average High Low High 
Yagi Varies High Low High High 
 
Table 3.2: Comparison between antenna types for Phased array 
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According to this table, patch antenna was selected to be the antenna element for the phased 
array.  Although the bandwidth is only about 3-4% of the frequency, it has fairly good beam width 
of roughly 90 degrees, very good mass and size properties, good flexibility of tuning frequency 
and form factor, low cost to prototype thanks to availability of the PCB laminate materials on 
different merchant channels, and good thermal conductivity by being able to mount flat on the 
thermal conductive body of a spacecraft. 
 
3.5.2. Antenna element design 
Patch antenna is a microstrip that translate 50 ohm transmission line into 377 ohm of free 
space impedance.  
Coax feed is chosen for simplicity of prototyping, reusability of the patch prototype, and it 
fits well with the mechanical design of the system. 
 
Figure 3.5: Patch antenna design 
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The dimension of the antenna patch was first done by using online calculators, such as 
www.emtalk.com, www.everythingrf.com, www.microwaves101.com, and 
www.pasternack.com. The first prototypes was made, and the result was less than desirable. 
Although it can be a subjective error in understanding the calculation method, resonant frequency 
of the patch made with the calculated dimensions was far off the expected frequency.  
The second calculation method is a program written in BASIC language for patch 
calculation [13]. The program was then translated to C++ and run, and later it was put into 
Microsoft Excel for better visual usage. As discussed later in the “Test and Analysis” section, the 
calculated values were much more accurate than expected. It results in dimensions that need only 
a small tuning for variations in the PCB dielectric constant. The program also calculates the feed 
position for either coax feed or microstrip feed.  
Bandwidth of the patch element is directly proportional to the height of the patch. This still 
has two limits: the height must be a fraction of the wavelength (122 mm for 2.45 GHz) for the 
patch to have predictable behavior, and it must be reasonable for the sake of the final phased array 
to be used in a CubeSat. In the end 120 mil (3mm) thick material was used. 62 mil (1.6mm) gives 
too small bandwidth, and 240 mil (6mm) takes too much volume and mass. 
The patch is also designed to be a square instead of rectangular. This reduces the bandwidth 
of the patch in exchange for simplicity in fabrication. It also gives the potential to make circular 
polarized patches in the future, considering the phased array system is being designed for 
spacecraft applications. 
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3.5.3. Antenna element fabrication method selection 
There are different fabrication methods to get the patch antenna element made. The 
requirements for the fabrication method selection include: 
- Safe and simple fabrication 
- Fast prototyping 
- Low cost 
The first and most obvious method is ordering from fabrication companies. However, this 
method proves to be impractical because resources, specifically financing, are very limited.  
Second fabrication method is using CNC milling machines to make PCB. Such machines 
are available at Morehead State University and it’s fairly simple to set up the fixture. However, 
this method requires dependence on other personnel and equipment while investing into a new 
CNC machine is also impractical. It becomes a good back up method in case the other method 
don’t work out. 
The third method is etching using chemicals. In comparison to ordering from fabrication 
companies, making prototypes in-house greatly reduce prototyping time and costs, particularly for 
such a custom order. It became the method of choice for this project. There are ten popular etchants 
that are usually used to make PCB, divided into four groups, with copper (Cu) as the material on 
the PCB that needs to be dissolved [8]. 
Out of available methods, iron chloride FeCl3 etchant was chosen as it is widely available, 
much safer to use in comparison with HCl, H2SO4 and HNO3 varieties, and quality of product after 
etching is acceptable.  
Disposing of the solution after etching was also taken into consideration by using washing 
soda (sodium carbonate Na2CO3). The result of this chemical reaction is solid copper hydroxide, 
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solid iron hydroxide, solid iron carbonate and salt water, all in stable form and can be disposed of 
easily. 
All etchant under consideration and the disposing reactions for iron chloride are shown in 
Appendix D. 
3.6. Antenna Panel Design 
The antenna panel needs to be designed to hold the antenna system mechanically, and more 
importantly set the element spacing, determining the grating lobes of the phased array  
3.7. Phase Shifter 
3.7.1. Analog phase shifter 
Analog phase shifter was the first phase shifter prototype. It was based on a hybrid coupler 
and varactor design [1].  
 
Figure 3.6: Design of analog phase shifter 
  P a g e  | 22 
 
This type of phase shifter is designed to go from 0 to -180 degrees phase shift. This means 
for each of the antenna element will need two of these to be able to shift to -360 degrees. For this 
to work, a Digital to Analog Converter (DAC) with fairly high voltage range (0-12V) is required 
to control each phase shifter. With this design, 10 analog phase shifters and 10 DAC boards are 
needed in total, which can be a burden in terms of time, fabrication, and system error checking. 
Three designs of this analog phase shifter was fabricated and tested. 
 
Figure 3.7: Analog phase shifter assembly 
3.7.2. Digital phase shifter 
This type of phase shifter can go from 0 to -360 degrees phase shift, effectively reduces 
the required number of phase shifter down to five.  
As the goal of this thesis is to make an operational phased array system, without regard to 
the type of phase shifter, a digital phase shifter board was made for simplicity. The PCB was 
designed and sent out for fabrication. The first revision of this board was only a break out board 
and requires a microcontroller board and a voltage regulator board to operate. The second revision 
has added selectable mode (serial and parallel) and simple jumper system for using in either testing 
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or real application, without the need for a microcontroller and voltage regulator. This will give the 
CubeSat designer multiple choices for the phased array controlling interface. 
This digital phase shifter has been commercialized under the brand of BambooRF and was 
used in the phased array antenna testing. 
 
Figure 3.8: Digital phase shifter assembly 
 
3.8. RF Power Divider 
The divider network designed for the phased array is only for testing purpose. It utilizes 
available components to test the current system despite the high loss. The final product will have 
a five ways splitter using Wilkinson divider. 
3.9. Attenuator PCB 
A step attenuator PCB with 0.25 dB resolution and dynamic range of 0-31.5 dB was 
designed and sent out for fabrication. It did not arrive in time for pattern testing of the antenna. 
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3.10. Amplifier PCB 
As an active phased array, amplifiers are needed at each antenna element. An amplifier 
board was designed for that purpose. 
 
Figure 3.9: Amplifier assembly 
3.11. Microcontroller PCB  
A microcontroller is needed to control the operation of the phased array as a whole. A 
specific radiation tolerant microcontroller was chosen and used because the phased array was 
designed to operate in space environment. For antenna testing, however, the microcontroller PCB 
was not used to get rid of one variable in the testing setup. 
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Figure 3.10: Microcontroller assembly 
3.12. Voltage Regulator PCB 
The voltage regulator PCB supplies regulated voltage to the phase shifters, attenuators and 
microcontroller. It has three different voltage output selections (1.8V, 3.3V and 5V) to allow 
testing the performance of the phased array at different operation voltages in order to reduce power 
consumption. 
 
Figure 3.11: Voltage regulator assembly 
4. TESTING AND ANALYSIS 
4.1. Equipment Considerations and Calibration 
4.1.1. Vector Network Analyzer (VNA) calibration 
The VNA used is the HP 8753B. It was calibrated with Short, Open, Load, Through 
(SOLT) method for full 2-port, including reflection for port 1 and port 2 (open, short, load for each 
port), transmission (through connection between two ports) and isolation (loads on both ports). 
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4.1.2. Anechoic chamber and far field (Fraunhofer) region 
The far field (Fraunhofer) region was used to determine if the current anechoic chamber 
was sufficient for 2.45 GHz pattern (far field) measurement, assuming all other parameters of the 
chamber was good. The distance between the antennas under test (the antenna element and the 
phased array in this case) must be equal or larger than the Fraunhofer region in order to get the 
correct pattern. 
Charles Capp [4] has analyzed the issue and came up with a practical calculation for the 
start of far field: 
𝑟 ≅  
𝑙2
𝜆
 
If including Rayleigh criterion: 
𝑟 ≅  
2 × 𝑙2
𝜆
 
r: distance to start of far field region 
l: maximum antenna length 
λ: wavelength 
 
In this case, the far field for the phased array, including Rayleigh criterion, is calculated to 
be 1.47m for 2.45 GHz. As the anechoic currently used in the Space Science Center, Morehead 
State University is much larger than this number, it is sufficient for the phased array pattern testing. 
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4.2. Antenna Element Testing 
4.2.1. Return loss and frequency tuning 
There were three prototype batches that were made with different manufacturing processes. 
Final products will need to be ordered from fabrication companies for better tuning accuracy.  
 
Figure 4.1: Antenna elements on the panel 
 
The elements are prototyped and tuned to 2.45 GHz. Elements tuning and selection for the 
third batch of antenna is as followed: 
Unit 
Radiating  
axis Size 
[mm] 
Non-
Radiating  
Axis size 
[mm] 
Resonant/center 
Frequency 
[MHz] 
Low 
cut-off 
[MHz] 
High 
cut-off 
[MHz] 
Return 
loss 
At 
resonant 
[dB] 
BW 
[MHz] 
1 37.2 37.2 2365 2340 2395 -16.5 55 
2 37.5 36.3 2380   -10 0 
3 37.4 36.3 2380   -9 0 
4 36.8 36.9 2364 2338 2393 -15.5 55 
5 35.5 35.8 2455 2426 2490 -19.5 64 
6 36.4 37 2395 2362 2428 -40 66 
7 35.7 35.9 2448 2414 2477 -28 63 
8 35.9 36 2438 2414 2460 -16 46 
9 35.7 35.6 2440 2410 2468 -16 58 
10 35.8 36 2450 2419 2479 -23 60 
11 35.7 35.7 2455 2428 2482 -16.5 54 
Table 4.1: Antenna prototypes 
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 Cut off frequencies was chosen to be at -10dB or 2:1 VSWR. The five bold lines are the 
chosen units to be used in the phased array. Tuning can be better, but it was good enough for 
pattern testing purpose. Figure 4.2 below shows the return loss (S11) measurement for one of the 
elements. Please see Appendix A for return loss measurements of all five elements used in the 
phased array pattern test. 
 
Figure 4.2: Return loss measurement of one antenna element 
4.2.2. Pattern measurement with anechoic chamber 
One antenna element was measured when installed on the array panel, as the extended 
ground plane effects the pattern of the element. 
The pattern was measured as below: 
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Figure 4.3: Pattern measurement of one antenna element, attached on the panel 
 
The beam width of the patch is 100.8 degrees and the gain is 6.39 dBi. 
As the goal is to have a minimum of 90 degrees beam width, this patch antenna satisfies 
the beam width requirement of the project.  
4.3. Phase Shifter Testing 
The phase shifter boards were ordered and populated.  
 
Figure 4.4: Testing of digital phase shifter assembly 
  
The device was tested for insertion loss (S21-amplitude) and forward phase (S21-phase). 
The plot for those values is shown in figure 4.5 below: 
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Figure 4.5: Insertion loss (S21-amplitude) and forward phase (S21-phase) of phase shifter 
assembly at different phase shifts 
 
The insertion loss of this unit varies in the range -2.92 dB to -3.44 dB, and phase shifting 
was as expected. These values are as expected of this digital phase shifter. 
4.4. Phase Shifter and Divider Assembly Testing 
The phase shifter and divider system was assembled as below. As there is no one to five 
(7dB) divider available, a one-to-two (3dB) and a one-to-four (6dB) divider are used to get five 
outputs. In addition to RF paths, each of the phase shifter is powered using the power supply. 
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Figure 4.6: Testing of phase shifter and power divider assembly 
Each of the output power and phase was measured. The outputs that not being measured 
are terminated with 50 ohm loads to keep them from interfering with the output under test.  
 In the beam steering test, all outputs needs to be balanced in power and phase. As the digital 
attenuator did not arrive in time for the test, attenuation pads were used in place, which gives error 
on the third (middle) patch. It has 0.5 dB higher than the rest. The phase of all five elements are 
matched at 2.45 GHz. 
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Figure 4.7: Insertion loss (S21-amplitude) and forward phase (S21-phase) of the phase shifter 
and power divider assembly 
 
 The loss of this phase shifter and divider network is very high, at roughly -13 dB. 
However, this setup will not be used for CubeSat flight units but for operational testing of the 
antenna system. The flight model phased array will have Wilkinson splitters with much better 
insertion loss.  
 
4.5. Phased Array Antenna Assembly Operational Testing 
Figure 4.8 shows the phased array mounted inside the anechoic chamber. 
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Figure 4.8: Pattern measurement setup for phased array assembly 
  
With five elements and 4-bit phase shifters, several possible beam steering positions is 
calculated as below. There are more steering positions than those listed, but they were omitted as 
the phased array is required to steer the beam to ±45 degrees only. 
Steering angle Element 1 
phase 
Element 2 
phase 
Element 3 
phase 
Element 4 
phase 
Element 5 
phase 
Test 
-63.23 degree -225.0 -22.5 -180.0 -337.5 -135.0  
-49.93 degree -270.0 -45.0 -180.0 -315.0 -90.0 Test 3 
-39.62 degree -315.0 -67.5 -180.0 -292.5 -45.0  
-30.68 degree 0.0 -90.0 -180.0 -270.0 0.0  
-22.5 degree -45.0 -112.5 -180.0 -247.5 -315.0 Test 2 
-14.78 degree -90.0 -135.0 -180.0 -225.0 -270.0  
-7.33 degree -135.0 -157.5 -180.0 -202.5 -225.0  
0 degree -180.0 -180.0 -180.0 -180.0 -180.0 Test 1 
7.33 degree -225.0 -202.5 -180.0 -157.5 -135.0  
14.78 degree -270.0 -225.0 -180.0 -135.0 -90.0  
22.5 degree -315.0 -247.5 -180.0 -112.5 -45.0 Test 4 
30.68 degree 0.0 -270.0 -180.0 -90.0 0.0  
39.62 degree -45.0 -292.5 -180.0 -67.5 -315.0  
49.93 degree -90.0 -315.0 -180.0 -45.0 -270.0 Test 5 
63.23 degree -135.0 -337.5 -180.0 -22.5 -225.0  
 
Table 4.2: Calculated phased array steering angle at different elements phase shifts  
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The patterns at different steering angles were measured.  
 
Figure 4.9: Pattern measurement at all tested beam steering angle 
Calculated 
Steering Angle 
[Degree] 
Actual 
Steering Angle 
[Degree] 
Beam 
Offset 
[Degree] 
Beam 
Width 
[degree] 
Gain 
[dBi] 
First  
Side Lobe 
Level 
[dB] 
-49.93 -40.7 +9.2  28.55  14.19  -11.00 
-22.5 -21.4 +1.1  21.41  17.11  -13.6 
Broadside, 0  0 0  19.92  17.72  -13 
+22.5 +24.68 +2.18 22.30 16.62 -11.3 
+49.93 +43.72 -6.21 27.66 13.79 -9.00 
 
Table 4.3:  Parameters comparison among different phased array steering angle 
 
This result shows that the phased array is steering the main lobe as intended. Beam steering 
was more and more difficult when steering farther from broadside.  
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From 6.39 dBi of a single patch antenna element, the gain of the phased array system 
increases to 17.72 dBi at broadside and 13.79 dBi at +43.72 degrees. This is a considerable antenna 
gain on a cubesat.  
The first side lobe level is close to design (-12.5 dB), with the exception at +49.93 degrees 
where first side lobe level is at -9dB. The reason can be the imperfection of the array mechanical 
mounting. 
Although the test was limited to -40.7 and 43.72 degrees, we believe that the phased array 
can steer to ±45 degrees without too much sacrifice on the gain. 
 With limited time, only beam steering was tested. Two more tests need to be done. The 
tapered array test designed to reduce side lobe level was not completed because of late arrival of 
the step attenuators. The active phased array test with distributed amplifiers will be done after the 
tapered array test. 
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5. CONCLUSION AND FUTURE WORKS   
In this thesis, we demonstrated the design, fabrication and testing process of a five-element 
phased array antenna at 2.45 GHz, specifically designed for CubeSat class satellite applications. It 
takes into account all constraints imposed by the CubeSat form, including power, weight, volume 
and other subsystems’ capability. Beam steering function of the phased array, which is the highest 
goal of this thesis, was achieved.  
The phased array antenna was divided into three major subsystems: The element antenna, 
the control system, and the mechanical structure. All of them needs to work together in harmony 
for the array to work properly. 
Element antenna of the phased array is a patch that was fabricated in-house using different 
etching and prototyping methods. The gain and pattern of the patch antenna were measured using 
Vector Network Analyzer (VNA) and the anechoic chamber in Morehead State University. It gives 
100.8 degrees beam width and 6.39 dBi of gain. There are five antenna elements in the phased 
array. 
The control system has the most components out of the three subsystems. It include the 
phase shifter, power divider, step attenuator and power amplifier. Except for the step attenuator 
PCB, all other components were assembled, tested, and some were used in the testing. 
Mechanical structure was designed as a test bed for this phased array. It also takes into 
account the distance between the antenna elements, which plays an important role in determining 
the pattern of the phased array. The five elements structure fits perfectly on the side of a 3U 
CubeSat.  
The whole assembly was tested for operational. The phased array was able to steer in the 
tested range -40.7 to 43.72 degrees. The gain is 17.72 dBi at broadside and 13.79 dBi at 43.72 
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degree steering. We believe it can steer to ±45 degrees without too much sacrifice on the gain. 
Other numbers, such as side lobes level, beam steering angle, and gain of the antenna agrees with 
design calculation. 
In conclusion, all primary goals was achieved. The phased array antenna has high gain, can 
steer the beam, and satisfies the requirements of the CubeSat standard. 
For the future, there are other tasks to finish the whole design, including tapering the array 
to reduce side lobes, reducing volume and weight even more for CubeSat applications, and 
implementing active phased array. With an operational phased array and all components made, the 
next steps should be achievable.  
  
  P a g e  | 38 
 
6. REFERENCES 
 [1] A Varactor Controlled Phase Shifter for PCS Base Station Applications [PDF]. (2009, 
August 13). Skyworks Solutions, Inc.  
[2] Bahl, I. J. (2003). Lumped elements for RF and microwave circuits. Boston: Artech House. 
[3] Braun, K. F. (1909, December 11). Electrical oscillations and wireless telegraphy. Lecture 
presented at Nobel Lecture. Retrieved April 15, 2016, from 
nobelprize.org/nobel_prizes/physics/laureates/1909/braun-lecture.pdf  
[4] Capps, C. (2001, August 16). Near Field or Far Field? EDN, 95-102. 
[5] Fenn, A. J., Temme, D. H., Delaney, W. P., & Courtney, W. E. (2000). The Development of 
Phased-Array Radar Technology. Lincoln Laboratory Journal, 12(2), 321-340.  
[6] Hansen, R. C. (1998). Phased array antennas. New York: Wiley.  
[7] Hansen, R. C. (2009). Phased array antennas (2nd ed.). New York: Wiley. 
[8] Make 10 Etchants for Copper Printed Circuit Boards [Youtube]. (n.d.). NurdRage. 
[9] Microwave RF information for engineers encyclopedia calculators tools. (n.d.). Retrieved 
April 15, 2016, from http://www.microwaves101.com/encyclopedias/basic-concepts  
[10] Microwave RF information for engineers encyclopedia calculators tools. (n.d.). Retrieved 
April 18, 2016, from http://www.microwaves101.com/encyclopedias/mitered-bends  
[11] Microwave RF information for engineers encyclopedia calculators tools. (n.d.). Retrieved 
April 19, 2016, from http://www.microwaves101.com/encyclopedias/phased-array-antennas 
[12] Patel, P. D. (2007, November 26). Fundamentals of Phased Arrays. Speech. 
[13] Pozar, D., Ph.D. (n.d.). Antenna Design Using Personal Computers. 
[14] R.J.P. Douville and D.S. James, Experimental Characterization of Microstrip Bends and 
Their Frequency Dependent Behavior, 1973 IEEE Conference Digest, October 1973. 
  P a g e  | 39 
 
[15] Southwest Microwave. (2007). Optimizing Test Boards for 50 GHz End Launch 
Connectors. Tempe, AZ: Author. 
[16] Wadell, B. C. (1991). Transmission line design handbook. Boston: Artech House.  
[17] Wolff, C. (n.d.). Radar Basics. Retrieved April 10, 2016, from 
http://www.radartutorial.eu/06.antennas/Phased Array Antenna.en.html  
[18] Yasser, A. (2009, November 17). Active Phased Array Radar Systems. Speech.  
  
  P a g e  | 40 
 
7. APPENDIXES 
 
7.1. Appendix A: Return loss of five antenna elements in the phased array 
         
          Figure 7.1: element 1 return loss     Figure 7.2: element 2 return loss 
 
         Figure 7.3: element 3 return loss   Figure 7.4: element 4 return loss 
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      Figure 7.5: element 5 return loss 
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7.2. Appendix B: Antenna gain pattern at different steering angles 
 
 
Figure 7.6: Phased array pattern at calculated -49.93 degrees beam steering 
 
Figure 7.7: Phased array pattern at calculated -22.50 degrees beam steering 
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Figure 7.8: Phased array pattern at broadside (0 degree beam steering) 
 
Figure 7.9: Phased array pattern at calculated +22.50 degrees beam steering 
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Figure 7.10: Phased array pattern at calculated +49.93 degrees beam steering 
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7.3. Appendix C: Phase shifter 16 states insertion loss and phase 
 
Figure 7.11: S21 of phase shifter at state 0     Figure 7.12: S21 of phase shifter at state 1 
 
Figure 7.13: S21 of phase shifter at state 2     Figure 7.14: S21 of phase shifter at state 3 
 
Figure 7.15: S21 of phase shifter at state 4        Figure 7.16: S21 of phase shifter at state 5  
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Figure 7.17: S21 of phase shifter at state 6        Figure 7.18: S21 of phase shifter at state 7
 
Figure 7.19: S21 of phase shifter at state 8        Figure 7.20: S21 of phase shifter at state 9
 
Figure 7.21: S21 of phase shifter at state 10        Figure 7.22: S21 of phase shifter at state 11 
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Figure 7.23: S21 of phase shifter at state 12        Figure 7.24: S21 of phase shifter at state 13 
 
Figure 7.25: S21 of phase shifter at state 14        Figure 7.26: S21 of phase shifter at state 15 
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7.4. Appendix D: List of etchants 
Etchants 
Peroxide 
 H2O2 + 2HCl + Cu = CuCl2 + 2H2O 
 H2O2 + H2SO4 + Cu = CuSO4 + 2 H2O 
 H2O2 + NaHSO4 + Cu = CuSO4 + Na2SO4 + 2H2O 
Metal Chloride 
 FeCl3 + Cu = 2FeCl2 + CuCl2 
CuCl2 + 2HCL + Cu = 2CuCl2
- + 2H+ 
 CuSO4 + HCL + Cu = 2CuCl2
- + SO4
2+ + 4H+ 
Chlorine 
 NaClO + HCl + Cu = CuCl2 + NaCl + H2O 
 MnO2 + HCl + Cu = MnCl2 + CuCl2 + 2H2O 
Nitrate 
 HNO3 + Cu = 3Cu(NO3)2 + 2NO + 4H2O 
 KNO3 + HCl + Cu = NOCl + CuCl2 + KCl + 2H2O 
 
Disposing chemical reactions: 
CuCl2 + Na2CO3 + H2O –> Cu(OH)2 + 2 NaCl + CO2 
FeCl2 + Na2CO3 + H2O –> Fe(OH)2 + 2 NaCl + CO2 
2FeCl3 + 3Na2CO3 = Fe2(CO3)2 + 6NaCl 
 
 
